Use of a kinetic energy orifice as a probe of metastable dissociation in Fourier transform ion cyclotron resonance mass spectrometry  by Rich, Michaela L et al.
Use of a Kinetic Energy Orifice as a Probe of
Metastable Dissociation in Fourier Transform
Ion Cyclotron Resonance Mass Spectrometry
Michaela L. Rich, Ira M. Simet, Shoshanna R. Coon, and
Curtiss D. Hanson
Department of Chemistry, University of Northern Iowa, Cedar Falls, Iowa, USA
Although Fourier transform ion cyclotron resonance mass spectrometry is a powerful tool in
the qualitative observation of gas phase reactions, ion detection is on the millisecond time
scale, orders of magnitude longer than typically found when using a sector instrument.
Observations of short-lived species such as chemically activated adduct ions can be accom-
plished using selective ion excitation as a probe of intermediate lifetime. Whereas ion
elimination has been shown to be effective in monitoring ion lifetimes on the microsecond time
scale, problems associated with detecting ions produced with high kinetic energies limits the
technique. Use of a kinetic energy orifice as an ion skimmer effectively eliminates ions near the
center of the ion cell at relatively low kinetic energies. By modifying a single section cell to
include a kinetic energy orifice, the lifetimes of chemically activated adduct ions have been
investigated. (J Am Soc Mass Spectrom 2000, 11, 1118–1124) © 2000 American Society for
Mass Spectrometry
The analytical applications of mass spectrometryinstrumentation have provided chemists with avariety of techniques for structural identification
and analysis. However, early observations of species
such as CH5
1 revealed mass spectrometry as a powerful
technique for the study of ion–molecule chemistry. Ion
dissociation in the field-free region of a sector mass
spectrometer can be monitored and the time scale for
that dissociation recorded. Metastable ion kinetic en-
ergy studies (MIKES) using the dissociation of ions in
the first field-free region of a sector instrument provide
both qualitative and quantitative measurements on
bond strengths, equilibrium constants, and unimolecu-
lar dissociation occurring on the 1–10 ms time scale [1,
2]. The lifetimes of the metastable ions observed result
from a narrow slice of the internal energy distribution
created during the ionization event and the kinetics of
the unimolecular dissociation reaction [3]. Because the
lifetime observed is a function of a well-defined portion
of the total internal energy distribution, this type of
probe provides reproducible results that have been
accepted as providing information on unimolecular
reaction kinetics that cannot be observed by any other
technique.
Ion cyclotron resonance [4] and Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometry
[5–7] have provided remarkable flexibility in the study
of ion–molecule chemistry. Unlike the conventional ICR
mass spectrometer, the FT mass spectrometer allows for
simultaneous detection of all ions, and a mass spectrum
can be obtained in just a few seconds. Other advantages
of this method include high resolution and sensitivity,
relatively simple design, and the ability to store ions in
the cell over a period of time in order to observe
ion–molecule reaction chemistry [7–10]. These perfor-
mance characteristics have provided information on a
wide variety of reaction kinetics as well as mechanistic
insight for reactions occurring in the gas phase [11, 12].
Although FT-ICR mass spectrometry is a powerful
tool in the qualitative observation of gas phase reac-
tions, ion detection requires the observation of the
cyclotron frequency for a period of several milliseconds
[13]. Under these conditions, observation of short-lived
intermediates is restricted to ions having lifetimes on
the order of 10–50 ms. This detection scheme limits the
minimum lifetime of an observable species to the mil-
lisecond time scale, orders of magnitude longer that
that typically found when using a sector instrument.
Because the lifetimes of chemically activated adduct
ions commonly range from a few microseconds up to
several milliseconds, most of these important reactions
cannot be probed using direct ion detection in FT-ICR
mass spectrometry.
An alternative approach to direct detection of reac-
tion intermediates and mechanistic precursors is the
application of the double resonance experiment [14]. In
this experiment, selected ions are eliminated by reso-
nant rf acceleration by increasing the orbital radius
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beyond the confines of the detection cell. The effect of
the elimination of selected ions on the reaction products
is then observed, providing mechanistic information.
This approach provides a method of probing the reac-
tion mechanisms using resonant excitation of molecules
to identify precursors rather than direct observation of
the molecules during ion detection. Because ion elimi-
nation can be accomplished in microseconds of rf
excitation, this approach expands the dynamic range of
these studies relative to the milliseconds required for
direct ion detection.
By applying selective ion elimination to unimolecu-
lar reactions, the kinetics of ion dissociations can be
elucidated in a time scale that is less than the time
required for ion detection. For example, ion excitation
has been used as a probe of the metastable dissociation
of chemically activated adduct ions using an experi-
ment that is analogous to the MIKES experiment in
sector instruments [15]. Using their metastable ion
cyclotron resonance (MICR) experiment, Audier and
McMahon utilized rf excitation to investigate the reac-
tion between acetone and the methoxymethyl cation,
and the subsequent dissociation of the intermediate
adduct ion (m/z 103), in order to determine its lifetime.
The studies of the methyl cation transfer reactions of
CH3OCH2
1 demonstrated that the time scale for study-
ing unimolecular decomposition is limited by the min-
imum ejection time determined by the maximum volt-
age of the rf excitation and the radius of the ion cell. By
varying the peak-to-peak amplitude of the applied rf
excitation, the elimination time for an intermediate can
be accomplished in a time range of 50–600 ms. By
observing the changes in the intensity of the reaction
products as a function of the amplitude of the applied rf
excitation, the lifetime of the intermediate was deter-
mined to be between 100 and 200 ms. Because ions were
eliminated by the cell plates, orbital radii in excess of 25
mm were required. This approach is further limited by
difficulties in the efficiency of ion detection for ions
formed at large radii from metastable ions that were not
completely ejected. Metastable ions that dissociate prior
to ejection, but live long enough to be accelerated to
high orbital radii, will produce product ions that main-
tain their mass fraction of the precursor kinetic energy
and location. Product ions formed at high orbital radii
and kinetic energy are not effectively detected in the
conventional ICR experiment [16, 17]. The problems
associated with detection of ions having initially high
kinetic energies and dispersed orbital centers result in
difficulties when attempting to determine the lifetime of
the unimolecular dissociation. Furthermore, ion excita-
tion has been found to be inhomogeneous across the
dimensions of the ICR cell [18]. Ions near the extremes
of the cell are not accelerated as much as those located
within the center of the cell resulting in a broadening of
the radial dimensions of the ion packet. This effect
increases as the ions are accelerated to larger radii
resulting in increased spatial distributions. To address
the inherent problem associated with detection of po-
tential product ions, intermediate ions should be elim-
inated near the center of the ion cell where there is
effective ion excitation and detection.
Ion elimination has been made more selective using
the conductance limit orifice of a two-section cell. By
utilizing the conductance limit that separates the two
regions of a two-section cell as an ion skimmer, ions
were selectively partitioned on the basis of their mass
and kinetic energy [19]. Because ions need only be
accelerated to an orbit that exceeded the orifice (;2
mm), this method greatly reduced the kinetic energy
required to completely eliminate selected ions. By re-
ducing the kinetic energy requirements for selection,
there was little or no acceleration of other ions by
nonresonant excitation. Furthermore, the reduced or-
bital radius required for complete elimination also
reduced the time required for ion excitation. It was later
demonstrated that utilizing notched excitation in com-
bination with mass and energy selective partitioning
could enhance ion isolation [20]. This mass and energy
selective partitioning was further demonstrated to per-
mit high resolution in partitioning of ions based on the
phase of the excitation with respect to the ions’ resonant
orbital motion [21]. In this manner, the kinetic energy of
nonresonant ions was monitored using the conductance
limit orifice as a broadband kinetic energy filter permit-
ting highly selective partitioning.
This study focuses on the development of a new
method in FT-ICR mass spectrometry for studying
short-lived reactant ions and intermediate adduct ions
by combining the MICR technique with the energy
analysis possible using a partition orifice. Because the
radius required for ion elimination is reduced to the
orifice radius, the minimum time required for ion
elimination is reduced relative to using the cell plates as
the elimination barrier. Furthermore, because ions are
eliminated in the center of the ion cell at relatively low
kinetic energies, the problems associated with ion de-
tection are reduced. By modifying a single section cell to
include a kinetic energy orifice, the lifetimes of chemi-
cally activated adduct ions have been investigated.
Experimental
All experiments were performed on an IonSpec
OMEGA 50 FT-ICR mass spectrometer at the University
of Northern Iowa. The mass spectrometer is equipped
with a high field Walker Scientific electromagnet held at
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1.03 tesla. Background pressures of 8.5 3 10210 torr
were maintained in the vacuum system chamber by a
Balzers 330 L/s turbomolecular pump backed by an
Alcatel direct drive roughing pump. Gaseous reagents
were introduced into the chamber using a Varian leak
valve. Experimental pressures of 2 3 1027 to 5 3 1027
torr were maintained in the analyzer cell, using the leak
valve monitored by a Bayard–Alpert type ionization
gauge. Data were collected using the IonSpec OMEGA
50 data system.
The experiments were performed in a 5 cm cubic
single section FT-ICR modified to accommodate a third
trapping plate containing a kinetic energy orifice with a
3 mm radius (Figure 1) located 7 mm in front of the rear
trapping plate C. This orifice acts as an ion skimmer for
mass and energy selective elimination. Ions were
formed by electron impact of specified neutrals using
an electron beam of 3 mm directed through the center of
the ICR cell.
Electrostatic trajectories were calculated and dis-
played using the trajectory calculation program
SIMION (version 6.0). SIMION allows placement of
electrodes in a user defined array, permitting equipo-
tential electric field lines to be calculated in three
dimensions for the user defined electrode array. Volt-
age gradients are calculated for the points which sur-
round a specific ion’s location in the potential array.
The potential at each point is calculated via linear
interpolation using the surrounding grid points. A
standard fourth-order Runge–Kutta method is used for
the numerical integration of the ion’s trajectory. This
approach provides good accuracy along with the ability
to use continuously adjustable time increments. To
permit modeling of the electrodynamics, a user pro-
gram to control the potentials was written. This pro-
gram allowed control of the rf excitation duration and
amplitude as well as the pulsing of the trapping plate B.
Results and Discussion
Methodology
An analogous experiment to mass and energy selective
partitioning was performed using the modified single
cell. Although ions are not truly partitioned between
two separate cells, the use of a pulsed electrode con-
taining an orifice to remove unwanted ions can be
accomplished using the modified third trapping plate.
Illustrated in Figure 2, the two trapping plates (A and
C) and the skimmer plate (B) are initially held at a
positive 2.5 V. Prior to detection, the voltage of the
skimmer plate (B) is dropped to ground attracting the
positive ions. This ground potential is maintained for 10
ms. During that time, if the radius of the ion’s orbit is
larger than the radius of the skimmer orifice due to rf
excitation, the ion will strike the skimmer plate and be
eliminated from the ion cell. If the radius of the ion’s
cyclotron orbit is smaller than the radius of the orifice,
the ion will be repelled by the positive charged trapping
plate (C), and moved back into the center of the cell for
detection.
Figure 3 contains a plot of the potential gradients
Figure 1. A diagram of the modified cubic ICR cell used. A third
trapping plate (B) was added which contained an orifice that acts
as an ion skimmer for mass and energy selective partitioning.
Electrons emitted from a rhenium ribbon produced ions by
electron impact over a 3 mm diameter throughout the center of the
ICR cell. Figure 2. A schematic diagram of the partitioning experiment.
(A) Selected ions are accelerated to larger radii using resonant rf
electric fields. (B) When the voltage of the trapping plate B is
dropped to a ground potential, ions having an orbital radius
smaller than 6 mm will be able to travel through the orifice and be
repelled back into the cell by the potential on trapping plate C.
Ions having a larger orbital radius due to higher kinetic energy
will be quenched by collision with the grounded trapping plate B.
1120 RICH ET AL. J Am Soc Mass Spectrom 2000, 11, 1118–1124
generated by applying the trapping voltage to the
trapping plates. In Figure 3A, the trapping voltage is
applied to all three trapping plates, with the detection
and excitation plates held at a ground potential. Ions
produced under these conditions will have little kinetic
energy along the z axis (0–2 eV). When the center
trapping plate is dropped to a ground potential (Figure
3B), all ions are accelerated towards the grounded
electrode. Because the time constant for the pulse is
slow with respect to ion motion (millisecond time
scale), the ions do not gain additional kinetic energy
along the z axis. With this geometry, ions having small
radial kinetic energy are reflected back into the ion cell
at the orifice interface to permit ion detection. Ions
having a high radial kinetic energy that creates a radius
larger than the orifice dimensions, do not interact with
the trapping field that is limited to the orifice and are
neutralized by collision with skimming plate B. Because
of the small distance between the rear trapping plate C
and the pulsed skimming plate B (3 mm), the field
created by the trapping voltage does not permit ions to
reside between the two plates. This small distance
between the two plates insures that there is no effective
ion loss by inadvertently trapping ions between plates B
and C when the voltage is reapplied to the skimming
plate following ion elimination.
Calibration
In order to utilize the kinetic energy orifice to evaluate
lifetimes of short lived intermediates, a calibration
curve was generated to relate the time required to
eliminate an ion using the rf excitation to the magnitude
of the rf field applied. The time required to accelerate an
ion to be a specific orbital radius (r) using a rf electric




where E is the rf electric field strength, and B is the
magnetic field strength. From this, there is an inverse
relationship between the time required to eliminate the
ion by increasing its orbital radius to a dimension that is
greater than that of the size of the skimmer orifice and
the electric field strength. The radius of the unimolecu-
lar decomposition products are determined by the
amplitude of the rf electric field that the parent ion
experiences and its finite lifetime. It is important to note
that this relationship between electric field strength and
elimination time is independent of mass. Therefore,
once a calibration curve for the electric field strength is
generated, it can be used for all masses. However, it is
useful to generate calibration at various electric field
strengths to account for variations in the effective
excitation at different powers.
Calibration of the ion skimmer was achieved using
the observed elimination times for the phenyl cation
(m/z 77) formed from electron impact of bromobenzene
(m/z 156). Spectra were collected by accelerating ions of
m/z 77 with a resonant rf excitation field following ion
formation. The excitation time required for increasing
the orbital radius of m/z 77 to one greater than that of
the skimming orifice was monitored by pulsing the
orifice trap plate B to a ground potential following the
rf excitation and measuring the remaining intensity of
the m/z 77 peak. Contained in Figure 4 is the intensity of
the peak corresponding to m/z 77 as a function of the
duration of a resonant rf electric field. Performing a
typical double resonance experiment using an electric
field strength of 20 Vp5p, an excitation time of approx-
Figure 3. Potential energy surfaces generated by the trapping
plates of the modified ICR cell. (A) Ions produced in confines of
the trapping field will have kinetic energy along the z axis based
on the location of the neutral within the well prior to ionization.
Most of the ion population will have less than 1 eV of kinetic
energy along the z axis. (B) When the potential on trapping plate
B is dropped to zero, all ions are accelerated towards the orifice.
Because of the strong electric field produced between the trapping
plates, most ions penetrate less than 1 mm beyond trapping plate
B.
Figure 4. A plot of intensity of selected peaks as a function of
excitation time in a rf field that is resonant with ions of m/z 77. The
time required for elimination is greatly reduced using the orifice
relative to the cell walls typically used in a double resonance
experiment. Note that the intensity of nonresonant ions (m/z 156)
is unaffected by reflection through the orifice prior to detection.
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imately 1 ms was required to eliminate the ions by
collision with the outer cell plates. If ion elimination is
accomplished utilizing the orifice as an ion skimmer,
the time required for elimination is greatly reduced.
Because the relationship between the amplitude of the
applied electric field and the elimination time, a plot of
1/rf vs. time results in a linear calibration plot. Using
this approach, calibration data was generated the skim-
ming technique by recording the time required to
eliminate the m/z 77 cation as a function of the electric
field strength of the rf field applied (Figure 5). As seen
in Figure 5, ion elimination times can be easily accom-
plished on the microsecond time scale.
Application to Unimolecular Dissociation
Using the above technique to measure metastable life-
times is accomplished by monitoring the amount of
energy gained during the finite lifetime of the interme-
diate adduct ion in a resonant rf electric field. In this
experiment, reactant ions are produced in the presence
of an rf field that is tuned to a frequency that is resonant
with the specified adduct ion mass. Under these condi-
tions, the applied rf field will be nonresonant with the
mass of the reactant ions resulting in no net absorption
of kinetic energy. Following the production of the
intermediate adduct ion by ensuing ion–molecule reac-
tion, the ion will come into resonance with the applied
rf excitation. Using this approach, adduct ions formed
by ion–molecule reaction immediately gain transla-
tional energy by the continuously applied rf field upon
formation. The adduct ion continues to gain energy as
long as its mass maintains a resonant relationship with
the applied rf excitation. Following unimolecular disso-
ciation, the product ions will no longer be resonant with
the applied rf field and will cease gaining energy. Any
product ions produced from the accelerated intermedi-
ate will maintain the mass fraction of the kinetic energy
of the parent ion prior to decomposition. Because the
amount of energy gained by an ion is directly related to
the time that it was resonant with the applied rf field,
the amount of residual energy maintained by the prod-
uct ion can be related to the lifetime of the intermediate
in the resonant rf field.
The orbital trajectories for resonant acceleration of
intermediate ions was numerically studied using
SIMION. In this study, an electrode array was defined
using the dimensions of the FT-ICR cell described
above. A user program was written to permit the
resonant acceleration of ions of m/z 103 followed by
decomposition of the mass to m/z 73 at a user defined
time. Following the decomposition of the ion, the pro-
gram permits the selective partitioning of the resulting
ion trajectories through the orifice to evaluate the effec-
tiveness of ion elimination. Contained in Figure 6 is plot
of an ion trajectory in the XY plane (perpendicular to
the magnetic field lines) of an ion of m/z 103 in a
resonant rf excitation field of fixed amplitude. As the
ion gains energy the initially small orbital radius pro-
gressively gets larger resulting in the spiral trajectory.
Following a defined lifetime of 100 ms the mass of the
ion is changed to m/z 73 representing the decomposition
of the intermediate. At this point the spiral orbit
changes to a constant radius of smaller dimension. The
reduced radius dimension is a result of the product ion
maintaining its mass fraction of the kinetic energy of the
precursor ion prior to dissociation. In addition, the
center of the cyclotron orbit was shifted such that the
orbit of any decomposition product ion is tangent to the
orbit of the adduct ion at the energy at which unimo-
lecular decomposition occurred. The shift in the orbital
center results in the product ion maintaining the same
relative position to the orifice as the precursor adduct
Figure 5. A calibration plot of arbitrary ion intensity as a
function of elimination time at different electric field strengths.
Illustrated is the inverse relationship between the magnitude of
the rf excitation field and the time required to eliminate the
selected ion.
Figure 6. A plot of the theoretical trajectory of ions of m/z 103
being accelerated in a constant resonant rf electric field. During
the rf acceleration, the mass of the ion was changed to m/z 73. The
product ion maintained a radius that was tangent to the parents
orbit at the point of dissociation. Ions having orbits that exceed the
boundaries of the orifice are lost upon pulsing the trapping plate
to a ground potential.
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ion at the maximum radius achieved. It is important to
note that the rate of orbital motion is orders of magni-
tude greater than that of the axial motion through the
partition orifice. Therefore, ions shifted off the center
axis beyond the radius of the orifice will not be able to
pass through the orifice regardless of the absolute size
of its orbital radius. Upon pulsing the trap plate to
ground, such ions will be quenched by collision with
the trapping plate. In this manner, product ion elimina-
tion occurs as a result of the radius acquired by the
adduct ion during its finite lifetime, not by the size of
the radius of the product ion following the decomposi-
tion reaction.
Methoxymethyl Cation–Acetone Adduct Ion
The lifetime of the intermediate adduct ion formed from
neutral acetone and the methoxymethyl cation,
CH3OCH2
1 (m/z 45), was investigated using the kinetic
energy orifice as a probe of the metastable dissociation.
In the experiment, the reactant methoxymethyl cation
(m/z 45) was formed from electron impact ionization of
CH3–O–CH2–Cl and was then isolated in the FT-ICR
cell using rf ejection of all other ions. The isolated
methoxymethyl cation was allowed to react with neu-
tral acetone for 500 ms in the presence of a continuous
resonant acceleration of the intermediate ion at m/z 103.
The amount of translational energy gained by the
adduct ions is dependent upon the strength of the
applied rf field and the length of time that the ion was
accelerated prior to dissociation to form the product
ions of m/z 73. Following a 500 ms reaction time, the
voltage applied to the ion skimmer trapping plate was
dropped to a ground potential and any ions having
small radii were permitted to pass through the orifice
and be repelled back into the ion cell. Any ions having
a large radius due to rf excitation, were lost by collision
with the grounded plate. If the intensity of the rf field
was large, or the lifetime of the intermediate adduct ion
was long, the product ion gained sufficient translational
energy to be quenched during this skimming process.
During this reaction delay, the adduct ion gained
kinetic energy from the time of its formation until it
underwent unimolecular decomposition to form the
product ions. The intensity of the product ions at m/z 73
was monitored at varying electric field strengths ap-
plied to the adduct ion at m/z 103 (Figure 7). At low
electric field strengths, the abundance of product ions of
m/z 73 was large due to the small amount of kinetic
energy absorbed by the precursor adduct ions. How-
ever at higher electric field strengths, the relative inten-
sity of the product ions was diminished due to their
increased translational energy. At an electric field
strength of approximately 43 V/m, the relative intensity
of the product ion was lost by quenching at the kinetic
energy orifice. At this electric field strength, all inter-
mediate ions had gained sufficient kinetic energy that
the ensuing dissociation products would have radii that
were larger than the skimmer orifice. Thus, the corre-
sponding elimination time is the shortest observed
lifetime for intermediate ions. Using the calibration
chart described previously, an electric field strength of
43 Vp5p corresponds to an lifetime of 180 6 60 ms for
this intermediate adduct. The resolving power of this
approach is partially limited by the initial radial dimen-
sions of the ion population. It is necessary that the ions
be created at the center of the cell with a radial
distribution that is small with respect to the skimming
orifice. Furthermore, magnetic field strength and homo-
geneity are critical because ions must be differentially
accelerated within the confines of the skimming orifice.
Conclusions
Lifetimes of short-lived reactant ions and intermediate
adduct are difficult to monitor in a typical FT-ICR
experiment. These experiments have shown that reso-
nant rf excitation combined with a cubic ICR cell
modified to include a kinetic energy orifice can be used
to determine lifetimes of chemically activated adduct
ions in the microsecond time scale. Because the ions do
not need to be quenched by ejection at large radii, the
times required to eliminate short-lived reactant ions
and intermediate adduct ions are greatly reduced com-
pared to quenching by the walls of the ICR cell. This
reduction in elimination time theoretically reduces the
minimum lifetime that can be probed by this technique
relative to the MICR technique.
In addition, the use of the skimmer orifice provides a
well-defined energy barrier in a region of the cell where
the rf excitation field is comparatively homogenous
compared to the field strength over the dimensions of
the cell. Because the elimination time is dependent
upon uniform acceleration during ion elimination, it is
important to be able to use a homogenous excitation
field. In the experiment presented here, ion excitation
and elimination occurs over a 3 mm region. This small
dimension provides less variation in the rf excitation
Figure 7. The intensity of the product ions m/z 73 as a function of
the magnitude of the electric field strength applied to the inter-
mediate cation (m/z 103) during the reaction delay. Note that the
intensity of the product ion is quenched at a electric field strength
of 43 V/m corresponding to a lifetime of 180 ms.
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field and therefore permits more uniform excitation and
elimination times. Furthermore, because only ions that
are located near the center of the cell are detected, the
efficiency of ion detection is unaffected by the small
amount of excitation required for ion elimination. This
advantage permits more uniform detection of the ions
that remain in the ion cell.
The ion skimming technique can be applied to a
variety of problems ranging from simple ion elimina-
tion to kinetic energy analysis. Ion elimination and
detection efficiency is improved due to lower power
requirements and the location of ions near the center of
the cell. By maintaining an ion packet that is selectively
located in the center of the ion cell, the inherent advan-
tages of FT-ICR can be realized.
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